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Abstract
Surface metal matrix composites (MMCs) are a group of modern engineered materials where the surface of the material is modified by
dispersing secondary phase in the form of particles or fibers and the core of the material experience no change in chemical composition and
structure. The potential applications of the surface MMCs can be found in automotive, aerospace, biomedical and power industries. Recently,
friction stir processing (FSP) technique has been gaining wide popularity in producing surface composites in solid state itself. Magnesium and its
alloys being difficult to process metals also have been successfully processed by FSP to fabricate surface MMCs. The aim of the present paper is
to provide a comprehensive summary of state-of-the-art in fabricating magnesium based composites by FSP. Influence of the secondary phase
particles and grain refinement resulted from FSP on the properties of these composites is also discussed
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
Metal matrix composites (MMCs) are a significant group of
modern engineered materials that have clearly demonstrated
their potential as promising candidates for various structural
applications [1]. By adding an appropriate amount of secondary
phase particles, the specific strength of pure metals or alloys
can be improved. In addition, higher fatigue and wear resistance
also can be achieved [2]. Aluminum, copper, magnesium and
titanium are a few examples for matrix materials and SiC,
SiO2, Al2O3, TiB2, WC are a few examples for secondary phase
materials. The potential applications of metal matrix composites
(MMCs) can be found in automobile, aerospace, marine and
power generation industries [3,4]. Stir casting [5], squeeze
casting [6–8], spray deposition [9], in situ fabrication [10],
powder metallurgy [11–13], diffusion bonding [12] and vapor
deposition methods are a few examples for manufacturing
techniques commonly used to fabricate bulk MMCs [14–16].
Recently, magnesium and its alloys have proven as excellent
candidates for constructing structures in automobile, aerospace,
marine and electronic industries because of their low density,
high specific strength (158 kN-m/kg), good castability, weldability
and machinability [17–19]. The density of magnesium
(1.738 g/cm3) is substantially less than aluminum (2.7 g/cm3)
[17]. But magnesium is brittle in nature compared with aluminum.
Magnesium based MMCs are an upcoming new class of materials
in non-ferrous metals that address the problems associated
with brittleness of magnesium.
There are some important applications in which the surface
properties affect the functioning and the life of the component.
Surface MMCs are the best example for such materials, which
contain dispersed secondary phase particles at the surface alone
and the material at the core is unaffected. Therefore, the surface
exhibits higher hardness and wear resistance and the material in
bulk experience negligible loss to its toughness [20]. Laser
assisted processes, centrifugal casting and plasma spraying are
a few examples of such methods developed to fabricate surface
MMCs [21–26]. All of these techniques involve the material
transformation from solid to liquid or vapor state during the
process. On the other hand, solid state processing techniques
that do not result in the transformation of the material to liquid
phase during the process offer relatively many advantages over
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conventional liquid phase processing techniques. Friction sur-
facing and friction stir processing are the best examples for
such solid state processing techniques used to modify the sur-
faces and to develop the surface composites [27–32]. Recently,
Sharma et al. [33] summarized the overall developments that
happened in fabrication of composites using FSP. The present
paper aims to give a comprehensive review of the work reported
in the literature exclusively in developing magnesium based
surface MMCs by FSP with an emphasis given to describe the
influence of fine grain structure and the presence of different
phase particles on the properties of the composites.
2. Friction stir processing (FSP)
Friction stir processing (FSP) has evolved from the basic
principles of friction stir welding (FSW) and emerged as a
promising tool to alter the surface microstructure of metallic
sheets and plates [29]. During FSP, the material surface is
modified by inserting a cylindrical rotating tool that contains a
small pin at the end and plunged along a desired length in
traverse direction by applying a suitable load. Therefore, the
material at the stir zone undergoes intense plastic deformation
and dynamic recrystallization is initiated [34], which lead to
refinement of the microstructure.
3. Fabrication of surface composites using FSP
Secondary phase particles can be incorporated and distrib-
uted in a metal during FSP to fabricate surface MMCs. Along
with incorporating the secondary phase particles, grain size
reduction at the surface can be achieved, which is another
advantage with FSP. For the first time, Mishra et al. [35]
successfully developed 5083Al-SiC MMCs using FSP and
demonstrated the potential of FSP in developing surface
composites.
Usually a narrow groove or holes are produced on the
surface of the sheet and the secondary phase particles are filled
before FSP is carried out as schematically shown in Fig. 1.
However, for the past decade, a few methods were developed to
introduce the secondary phase particles into the matrix material
during FSP as given below.
i) Groove filling method in which a groove is produced on
the surface of the work piece and filled with the second-
ary phase and FSP is carried out over the groove
ii) Groove filling and closing method involves closing the
groove with a pin less FSP tool after filling the groove
with secondary phase to avoid the escape of the second-
ary phase during FSP.
iii) Holes filling is another method in which tiny blind holes
are drilled on the surface of the work piece and filled with
secondary phase and FSP is carried out
iv) The holes filling and closing method involves closing of
the holes after they are filled with secondary phase
similar to the groove filling with the help of pin less FSP
tool.
v) The sandwich method is another way of dispersing sec-
ondary phase into the matrix material in which the sec-
ondary phase is placed in the form of a laminate or layer
between work pieces and a sandwich kind arrangement is
made.When FSP is carried out, the secondary phase layer
is dispersed though out the stir zone.
In situ supply of secondary phase through a hole provided
within the FSP tool itself during the process is another devel-
opment reported in the literature to produce surface composites
Fig. 1. Schematic representation of surface MMCs fabrication by FSP.
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[36]. In this method, the pin less tool known as direct friction
stir processing (DFSP) tool is used as explained by Huang et al.
[36]. Among all of these methods, groove filling and closing or
holes filling and closing methods have shown to incorporate
more amount of secondary phase compared with groove filling
and holes filling methods as the possibility of escape of
powders in the later methods during FSP. Sandwich methods
may not be possible for all kinds of materials as most of the
secondary phases are ceramic phases, and fabricating continu-
ous layers and arranging them between work pieces is difficult.
During FSP, the secondary phase particles are distributed in
the work piece throughout the stir zone and results metal matrix
composite. The level of distribution of these particles within the
matrix depends on the material and the size of the powder
particles. The mechanism of material flow during FSP is clearly
explained by Mishra et al. [34], which involves several inde-
pendent deformation processes such as extrusion and forging
along with simultaneous localized heating and cooling [36,37].
Tool geometry (including pin and shoulder design), load, tool
rotating speed, travel speed, tool penetration depth and kind of
work piece are the important factors that dictate the success of
the composite fabrication by FSP [38,39].
4. Magnesium based surface composites by FSP
Pure magnesium and several magnesium alloys have been
used to produce surface MMCs by FSP as reported in the
literature. Most of the studies were carried out using AZ series
(aluminum and zinc) magnesium alloys.
4.1. Pure Mg
In our previous study, nano-hydroxypatite (nHA) powder
(crystallite size of 32 nm) was embedded into the surface of
Mg and grain refined Mg-nHA composites were produced
by FSP targeted for degradable bone implant applications
[40]. Groove filling method was adapted to introduce nHA into
the surface during FSP. Fine grained Mg was also produced by
FSP [41] and compared with the Mg-HA composite. From the
microstrtuctural studies, the distribution of nHA was observed
to be uniform at the surface and non-uniform in the subsurface
layers in the thickness direction. It was found that the surface
energies of FSP Mg and Mg-nHA composite were marginally
similar. FSP induced grain refinement is the reason behind the
increased surface energy of the FSPed samples compared with
the coarse grained unprocessed Mg samples. Excellent bioac-
tivity was observed for Mg-nHA composite from the in vitro
bioactivity tests and formation of apatite due to the presence of
nHA particles at the surface has enhanced the biomineralization
and reduced the corrosion rate of the composite compared to
the unprocessed Mg because of the quick formation of a passive
layer and intensity reduction in galvanic couple between the
grain interior and grain boundary when the grain size is
reduced. Cell culture studies using rat skeletal muscle (L6) cells
clearly showed the biocompatibility of all the samples and
better cell proliferation on the composites with good cell adhe-
sion compared with unprocessed Mg and FSPed Mg. From the
results it was clearly demonstrated that FSP can be used to
develop Mg-HA composites with high wettability and better
degradation resistance for degradable implant applications
[42]. Recently, Mertens et al. [43] also introduced carbon into
the Mg matrix by sandwich methods and clearly demonstrated
the role of carbon to achieve grain refinement by pinning effect.
Very recently, Navazani and Dehghani [44] produced Mg/ZrO2
surface composite and higher mechanical properties were
observed due to the grain refinement and the presence of the
ZrO2 particles.
4.2. AZ31 Mg alloy
AZ31 Mg alloy is the widely used Mg alloy of the AZ series
to develop surface composites by FSP. For the first time,
Morisada et al. [45] has produced a composite of AZ31 Mg
alloy- multi walled carbon nonotubes (MWCNTs) by FSP using
groove filling method. The composite that has been produced at
25 mm/min tool travel speed has shown superior dispersion of
MWCNTs compared with the other processed samples (pro-
cessed at 50 and 100 mm/min). From the work of Morisada et
al. [45] it can be clearly understood that the traverse speed play
a crucial role in developing magnesium based composites by
FSP.Also the level of grain refinement that has been achieved in
the composite is higher compared with the FSPed AZ31 due to
the presence of MWCNTs which introduced pinning effect and
reduced the grain growth as also observed byMertens et al. [46]
in producing carbon fiber reinforced AZ31B Mg alloys by FSP
using sandwich method. In the work of Mertens et al. [46],
AZ31B sheets processed at two different tool travel speeds
(80 mm/min and 300 mm/min) with a higher rotational speed
(1500 rpm) exhibited uniform distribution of the carbon fibers
with defect free stir zone. Grain refinement was also influenced
by the presence of carbon fibers. The composite has shown
smaller grain size (10.0 ± 3.6 µm) compared with FSPed AZ31
without carbon fibers (16.4 ± 5.4 µm), which can be ascribed to
the pinning effect of the reinforcing phase.
Azizieh et al. [47] fabricated nano-Al2O3 reinforced AZ31
composites by FSP using three different tools as shown in
Fig. 2. First tool consisting of a columnar circular pin with no
Fig. 2. Three different pin profiles of FSP tool: a) circular pin without threads,
b) circular pin with threads and c) circular pin with threads and three flutes
(Source: Azizieh et al. [47]).
54 B.R. Sunil et al. / Journal of Magnesium and Alloys 4 (2016) 52–61
threads (Fig. 2(a)), second tool with a columnar pin (Fig. 2(b))
and the third tool with a columnar pin, which contains threads
and three flutes (Fig. 2(c)). Remaining dimensions of the three
tools are the same. Al2O3 powder was dispersed into the AZ31
matrix by groove filling and closing method. Three different
sized powders (average size of approximately 35, 350 and
1000 nm) were used to fabricate the composites. From the
microstructural studies, formation of the onion ring type pat-
terns due to the material flow during FSP was clearly observed
in the stir zone of the work piece that is processed at tool
rotational speed of 1000 and 1200 rpm (Fig. 3).As explained by
Morisada et al. [45] onion ring patterns are common observa-
tion in FSPed samples due to the kind of material flow from
the hot zone beneath the tool shoulder to the relatively cooler
zones in the thickness direction. Similar to what reported by
Padmanaban et al. [48] during joining of AZ31 magnesium
alloy sheets by FSP, Azizieh et al. [47] also observed an
improved material flow in the samples processed with the tool
consisting of a threaded pin due to downward movement of
the material. Fig. 4 shows stir zones of the composites fabri-
cated at different processing parameters. The flow of the
material was found to be enhanced at higher tool rotational
speeds. Grain refinement from a starting size of 70 µm to
approximately 2.9–4.4 µm was observed in the samples pro-
cessed by two FSP passes. At 1200 rpm of tool, the average
grain size was found to be increased. More grain refinement
(3.4 µm) was observed in the composite compared with FSPed
AZ31 (8.1 µm) without Al2O3 particles. Higher level of grain
refinement in the surface composites can be attributed to the
grain boundary pinning effect due to the reinforced Al2O3 par-
ticles. From the comparison of micro-hardness measurements,
higher hardness can be found for the nanocomposite compared
with the other samples because of the combined effect of the
dispersion strengthening and the grain size reduction.
Huang et al. [36] demonstrated the fabrication of AZ31-SiC
surface composites using a newly designed FSP tool named as
direct friction stir processing (DFSP) tool as shown in Fig. 5.
Unlike in FSP, the reinforcement particles are not introduced
into the surface of the base metal before processing, but are
supplied through a hole, which is designed within the DFSP
tool during the process is carried out. Grain refinement was
achieved in DFSPed composite up to 1.24 µm and compared
with FSPed AZ31 (5.21 µm) from a starting size of 16.57 µm.
Fine and homogeneous distribution of reinforced particles was
noticed at the surface of the composite produced by DFSP. The
width of the particle distribution zone was found to be more in
Fig. 3. Microstructure of the composite processed at 1200 rpm (2 pass) using a threaded probe. (Source: Azizieh et al. [47]).
Fig. 4. Stir zones of FSPed composite at different combination of processing parameter using a threaded probe: (a) 800 rpm-2P; (b) 800 rpm-3P; (c) 800 rpm-4P;
(d)1000 rpm-2P; (e) 1000 rpm-3P; (f) 1000 rpm-4P; (g) 1200 rpm-2P; (h) 1200 rpm-3 (Source: Azizieh et al. [47]).
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DFSP compared with that of FSP. As described by the authors,
in a single pass, more amounts of secondary phase can be
introduced into the matrix by DFSP compared with that of FSP,
as shown in Fig. 6. Microhardness was nearly doubled for the
composite fabricated by DFSP compared with as received con-
dition. Composite fabricated by FSP has also shown increased
hardness but inferior when compared with DFSPed composite.
Initial machining processes such as producing grooves or holes
to fill the secondary phase particles on the surface of the work
piece can be completely eliminated using DFSP tool which is
an advantage that reduces the machining processes such as
groove cutting or drilling the holes and increases the produc-
tivity. However, this approach in tool design introduces the
secondary phase particles into the surface effectively; the pen-
etration thickness is the limitation. The thickness of surface
composite layer produced by DFSP is relatively less compared
with the surface composite produced by FSP. Overall this tool
design showed interesting results in developing surface com-
posites by FSP and in future this design may be used to develop
wide variety of composites.
In our recent study, AZ31-nHA composites were developed
by FSP targeted for degradable implant applications [49] and
increased bioactivity, lower degradation and enhanced cell
adhesion were observed. The average grain size of the compos-
ite was found to be smaller compared with FSPed samples
without nHA particles due to the pinning effect induced by the
distributed nHA particles similar to what reported in the work
of Morisada et al. [45], Mertens et al. [46] and Azizieh et al.
[47]. The degradation behavior was also found to be improved
when tested in simulated body conditions. These studies clearly
demonstrate the potential of FSP technique in developing bio-
degradable AZ31-nHA composites beside Mg-nHA composite
[40] for temporary implant applications in the biomedical
industry. Jiang et al. [50] reinforced AZ31 Mg alloy with nano-
SiO2 by FSP and clearly demonstrated the effect of nano-SiO2
addition on achieving grain refinement (less than 1 µm) and
almost two times increase in the hardness of the composite.
Very recently, Balakrishnan et al. [51] successfully produced
AZ31/TiC composites by FSP. Grooves of 4.5 mm depth and
varying widths of 0, 0.4, 0.8 and 1.2 mm were filled with TiC
particles and uniform distribution after FSP was observed
without any interfacial reactions between magnesium matrix
and TiC particles.
4.3. AZ61 Mg alloy
Lee et al. [52] fabricated AZ61 matrix nano-composites by
introducing 5–10 vol. % nanosized amorphous SiO2 particles
into the surface of AZ61 Mg alloy sheet using FSP. Processing
was carried out at 45 mm/min travel speed and 800 rpm rota-
tional speed and cooling was applied with the help of back plate
during the process. After FSP, the nano-SiO2 particles were
observed to be clustered in a size ranging from 0.1 to 3 µm and
the level of clustering was found to be reduced for the compos-
ites produced with higher number of passes. From the TEM
Fig. 5. Photographs of the direct friction stir processing (DFSP) tool: a) front
view, b) view of the shoulder and c) the clamping end. (Source: Huang et al.
[36]).
Fig. 6. Optical microscope images of the samples: a) AZ31 Mg alloy in as received condition, b) stir zone after one FSP pass and c) stir zone after DFSP. (Source:
Huang et al. [36]).
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studies, it was clearly observed that the nano-SiO2 particles
remained as amorphous and not transformed to a crystalline
phase during FSP. It is true that the heat generated during FSP
process does not result in the melting of the surface. Therefore,
in the work of Lee et al. [52], heat that has been generated
during the process is insufficient to initiate transformation in
SiO2 particles. Another significant observation from the TEM
studies is the presence of MgO and Mg2Si particles in the
matrix. The authors suggested that these phases were formed
during FSP due to the reaction of SiO2 and Mg at the processing
temperatures. The presence of these phases was also confirmed
by the XRD method. This observation is interesting in compos-
ite fabrication by FSP as the process is resulting in different
phases. Hardness was observed to increase up to two times for
the composite compared with that of the parent AZ61 alloy.
From the tensile testing carried out at 350 °C, the percentage
elongation was observed as 350% at 1 × 10−2 s−1 and 420% at
1 × 10−2 s−1 strain rates, which clearly indicates high strain rate
super plasticity (HSRSP). Here, the significant point that has
been observed is the possibility of magnesium reaction during
FSP to form different compounds. However, compared with
other melting techniques the level of reaction to form other
phases of magnesium is inferior due to the lower temperature
processing conditions in FSP. Detailed studies to evaluate the
possible reactions that can happen during composite fabrication
by FSP are also needed.
4.4. AZ91 Mg alloy
AZ91-SiC/Al2O3 composites are the other group of magne-
sium based composites widely produced by FSP as many
authors reported in the literature. Asadi et al. [53] used FSP to
produce AZ91/SiC surface nanocomposite layer. The authors
reported nano-grain structure for the composite. Experiments
were carried out by groove filling and covering method up to 8
passes. From a starting grain size of 150 µm, grain refinement
was achieved up to 600 nm and 7.21 µm in AZ91/SiC compos-
ite and FSPed AZ91 without SiC particles, respectively. It was
a clear observation that the increase in the tool rotational speed
influenced the microstructure evolution due to the generation
of higher amounts of heat, which led to grain growth and
also decreased the surface hardness. But increase in the tool
traverse speed resulted in lower grain size and higher hardness.
Microhardness increased from 63 Hv to 115 Hv and 90 Hv for
the composite and AZ91 without SiC particles, respectively,
after eight FSP passes. A higher level of uniformity in the
distribution of SiC was achieved by changing the tool rotating
direction. Similarly, Yoones Erfan et al. [54] demonstrated the
influence of tool rotational speed and tool advancing speed on
the distribution of nano-sized SiC particles inAZ31 magnesium
alloy. As the tool rotational speed to advancing speed ratio was
increased, the level of agglomeration of SiC particles was found
to be reduced. Similar to the observations of Asadi et al. [53],
the grain size was reduced with the increase in tool advancing
(travel) speed. Another significant observation in the work of
Yoones Erfan et al. [54] is the development of tunneling defect
with higher advancing speeds. Therefore, from these studies, it
can be understood that the tool travel speed must be optimized
to achieve maximum grain size reduction along with a sound
and defect free stir zone. Furthermore, composites ofAZ91/SiC
were fabricated by Asadi et al. [55] by dispersing SiC particles
of size 5 µm into AZ91 matrix using FSP and a grain refine-
ment from 150 µm to 7.17 µm, and an increment in hardness
from 63 to 96 Hv were observed. For the same material system,
Asadi et al. [56] reported the level of grain refinement was
more in the composites made of nano-SiC compared with
the composites fabricated using micrometer-SiC particles. Fur-
thermore, composites were produced by dispersing both the
nanosized SiC andAl2O3 particles in AZ91 Mg alloy [57] using
FSP. The studies clearly demonstrated that the nano-composite
layer produced by dispersing SiC particles has smaller grains,
improved hardness and strength, increased elongation and
better wear resistance compared with the composites produced
by Al2O3 particles. Very recently, Mostafa Dadaei et al. [58]
also reported the prominent effect of SiC compared with Al2O3
in improving the performance of the composites made ofAZ91-
SiC and Al2O3 by FSP.
Mertens et al. [45] dispersed carbon fibers in AZ91D alloy
by sandwich method. Surprisingly, inhomogeneous distribution
of carbon fibers with porosity and defective stir zone was
noticed for AZ91D magnesium alloy with the higher tool rota-
tional speeds and travel speeds. Unlike in the case of AZ31B
alloy, sound composites ofAZ91D alloy were produced at lower
tool rotational and travel speeds (500 rpm and 80 mm/min).
The reason may be due to the existence of more amounts of
hard and brittle Mg17Al12 phase in theAZ91D magnesium alloy,
which needs appropriate tool travel and rotational speeds to
break and dissolve in the secondary phase. Whether the com-
bination of higher rotational speed with lower travel speed or
higher tool travel speed with lower rotational speed avoids the
above mentioned defects is not yet clear. Some more detailed
studies may help in understanding the effect of presence of
Mg17Al12 phase on developing defect free composites. The
study clearly shows the processing parameters play an impor-
tant role and are needed to be optimized even for the same alloy
series having different chemical composition. Chen et al. [59]
produced a surface composite layer on thixoformedAZ91 mag-
nesium alloy by reinforcing with SiC particles using FSP and
examined the tribological properties. The authors found that the
distribution of SiC particles is uniform throughout the stir zone
with slight agglomeration. It was suggested to carry out multi
passes to reduce this agglomeration. Surface hardness and wear
resistance were found to be increased for the surface composite
compared with as received alloy. Coefficient of friction has also
been reduced for the composite compared with other samples.
The prime reason behind the improved tribological properties
of the composite is the presence of SiC particles at the surface,
which strengthens the magnesium matrix and improves its wear
resistance. Khayyamin et al. [60] used FSP to develop AZ91/
SiO2 surface composites and brought out interesting informa-
tion on the effect of tool travel speed on the composite
properties. Composites were developed at 1250 rpm tool rota-
tional speed and three different tool travel speeds (20, 40,
63 mm/min).With higher tool travel speeds, it was observed the
the grain size decreased and the hardness increased, as also
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observed in the work of Asadi et al. [53] while producing
AZ91/SiC composites by FSP. Therefore, it is a clear demon-
stration from these results that higher tool travel speeds
decrease the localized heat and reduce the grain growth issue
during FSP.
Further, AZ91-Al2O3 composites were fabricated by Faraji et
al. [61] by groove filling method using two different tools
containing square and circular pins. The important observation
in their study was the role of the travel speed of the FSP tool on
the width of the thermo mechanical affected zone (TMAZ). It
was clearly observed from the microstructural studies that the
lower travel speeds led to form thick TMAZ due to the genera-
tion of more heat compared with higher travel speeds of the FSP
tool. Among all the processing conditions, homogeneous
microstructure was produced with the FSP tool consisting of a
square pin at 900 rpm and 50 mm/min (tool rotational and
travel speeds, respectively). FSPed AZ91-Al2O3 composites
showed grain refinement from 130 µm to about 5–6 µm.
However, when compared with FSPed AZ91 without Al2O3
particles, the level of grain refinement was found to be slightly
higher. The microhardness of the composites was observed to
have increased to 103 Hv compared with FSPedAZ91 (98 Hv).
Additionally, Faraji et al. [62] investigated the effect of the
particle size of Al2O3 on the microstructure, agglomerates size
and hardness variations of AZ91-Al2O3 composites. Al2O3 par-
ticles of three different sizes (3000, 300 and 30 nm) were used
to fabricate the composites. The microstructural studies showed
the promising effect of nanoparticles (30 nm) on refining the
grain size compared with other particles (3000 and 300 nm).
Composites with smaller particle size also exhibited higher
hardness. It can be understood from the work of Faraji et al. [62]
that the type of pin has also played a major role in grain
refinement and hardness improvement of magnesium alloys.
Triangle tool pin produced smaller grains and improved higher
hardness compared with the composites produced by square
pin. The authors suggested that the reason might be the shape
and sharp edges of triangular pins induce better stirring during
FSP compared with square pins [61]. By observing the previous
studies done by Faraji et al. [62], among the different pin
profiles such as circular, triangular and square, the triangular
profile is found to be optimum at inducing a higher level of
grain refinement.
4.5. ZM21 Mg alloy
Madhusudhan Reddy et al. [63] introduced silicon carbide
(SiC) and boron carbide (B4C) powders into the surface of
ZM21 magnesium alloy by holes filling and closing method
using FSP. Grain size was found to be reduced from 40 µm to
20 µm after FSP. The SiC and B4C particles were also well
dispersed and helped to reduce grain growth. However, the level
of grain refinement that the authors have reported is lower when
compared with other FSPed Mg alloys. The authors suggested
that the absence of melting of the matrix material during fric-
tion stir processing (FSP) may be the reason behind excellent
particle matrix interface. With the addition of carbides by FSP,
the surface hardness was found to have increased. Higher hard-
ness of carbide particles, grain boundary pinning effect and
dispersion hardening are the prime reasons behind the improved
hardness for the composite. A combination of adhesive and
abrasive wear was observed for the unprocessed ZM21 alloy,
but the mode of wear has been found to have changed from high
abrasive wear to medium adhesive wear for the composites.
Improved wear resistance of ZM21 composite is due to the
presence of carbide particles at the surface, which reduced the
load that has been imposed on the matrix material at the surface
of the disc contact during the wear test. The average friction
coefficient was also decreased for the composite (0.025) com-
pared with unprocessed sample (0.2). From the work of
Madhusudhan Reddy et al. [63], it can be concluded that the
tribological properties can also be successfully improved by
incorporating hard secondary phase into magnesium matrix by
FSP.
5. Perspectives and challenges
Developing surface MMCs by FSP is a new area in friction
assisted processes such as friction welding (FW), friction stir
welding (FSW) and friction surfacing (FSS). FSP has shown
promising results in various studies carried out by producing
several surface composites of different material systems.
Aluminum, copper, titanium and magnesium material systems
are the most common metals so far used to produce the surface
MMCs by FSP. Among them, magnesium based materials are
a class of difficult to process materials. Recent developments
in producing different magnesium alloys and new material
processing techniques enabled production engineers to address
the issues involved in developing magnesium based structures.
Fabrication of magnesium surface MMCs by FSP is also one
of such advancements in materials engineering filed and in
fact there is a considerable amount of development for the past
decade. It has been clearly demonstrated in the literature that
different magnesium based surface composites can be successfully
produced by FSP. Table 1 briefly lists the significant developments
happened in fabricating magnesium based surface MMCs by
FSP. Relatively better stability of secondary phase can be attained
in FSP when compared with conventional processes as magnesium
is highly reactive metal. FSP is a simple and green process that
causes no pollution to the environment [29].
Biomedical field is another promising area where FSP can
be used to produce surface composites containing calcium-
phosphate phases to increase the bioactivity of metallic
implants. Large surface area can be modified using FSP by
doing the process in multiple adjacent passes. With appropriate
tool design and method of secondary phase introduction,
surface composites with tailored composition can be easily
produced. However, there are some limitations with FSP in
developing surface composites. Irregular and complex shaped
surfaces cannot be processed with FSP. Poor control over the
amount of secondary phase that can be introduced into the
surface is another limitation. The level of distribution of
the secondary phase in the thickness direction is also non-
uniform. More FSP passes are required to achieve a uniform
distribution of the secondary phase into the matrix, which
increases the production cost. There are different methods that
have been reported in the literature such as groove filling,
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Table 1
Brief summary of the work carried out to produce Mg based surface MMCs by FSP as reported in the literature (arranged in chronological order).
Material system Number
of FSP
passes
(Max.)
Method of
secondary
phase
introduction
Grain
refinement
(µm)
Significant findings Reference
AZ31/MWCNTs 1 Groove
filling
Up to 0.5 • Addition of MWCNTs to AZ31 Mg alloy has increased the hardness.
• Grain refinement was promoted with MWCNTs
• Higher uniformity in distribution of MWCNTs was observed with lower tool travel
speed
Morisada et
al. [45].
AZ61/amorphous
SiO2
4 Groove
filling and
covering
Up to 0.8 • Uniform distribution of SiO2 was noticed as number of passes increased to four
• Fine grain size was achieved due to SiO2 dispersion compared with FSP AZ61with
out SiO2 particles
• Formation of MgO and Mg2Si particles was observed in the matrix during FSP
Lee et al.
[52]
Thixoformed
AZ91/SiC
6 Groove
filling
120 to 3.1 • Uniform distribution of SiC particles was achieved and the strength of the matrix
has been increased
• Excellent tribological properties were observed.
Chen et al.
[59]
AZ91/SiC 8 Groove
filling
and
covering
150 to 0.6 • Higher tool rotational speeds increased the grain size and decreased the
microhardness.
• Higher tool travel speeds decreased the grain size and increased the microhardness
• Better distribution of SiC particles was found with increased FSP passes.
• Tool rotating direction also played a significant role on grain refinement and hardness
Asadi et al.
[53]
AZ91/SiC 1 Groove
filling and
covering
150 to 7.1 • Grain size was reduced with increased tool rotational speed and travel speed.
• Increased microhardness in the composites was found due to the grain refinement,
presence of SiC particles and quench hardening
Asadi et al.
[55]
AZ91/SiC
AZ91/Al2O3
8 Groove
filling and
covering
150 to 1.8 • Smaller grain size, higher hardness, increased strength, elongation and wear
resistance were observed in the composite with SiC particles compared with the
composites with Al2O3 particles
Asadi et al.
[56]
AZ91/SiC 2 Groove
filling and
covering
150 to 5 • Homogenous microstructure was achieved with nano-sized SiC particles compared
with micro-sized particles
• Increase in grain size and decrease in hardness was noticed with higher tool
rotational speed.
• Second FSP pass has increased the hardness and decreased the grain size
Asadi et al.
[57]
AZ31/Al2O3 4 Groove
filling and
covering
70 to
2.9–4.4
• Enhanced particles distribution was achieved with the increase of tool rotation
speed.
• An improved material flow was observed during FSP with the tool consisting of a
threaded pin
Azizieh
et al. [47]
AZ91/Al2O3 1 Groove
filling
130 to 6 • Tool with square pin has shown profound effect on uniformity in particle
distribution compared with circular pin
• Lower travel speeds led to form thick TMAZ due to the more heat generation
compared with higher travel speeds
• High tool travel speed distributed Al2O3 particles uniformly, but reduced the grain
size
• Presence of Al2O3 particles reduced the grain size in the composite compared with
FSPed AZ91 without particles
Faraji et al.
[61]
AZ91/Al2O3 3 Groove
filling
150 to 2.8 • Using nano-Al2O3 particles, higher grain refinement and increased hardness were
achieved
• Uniform and smaller grain size was obtained with increase in number of FSP passes
Faraji et al.
[62]
i. AZ31/carbon
fibers
ii. AZ91/carbon
fibers
1 Sandwich
of C fabric
between two
metal sheets
Up to
10.0 ± 3.6
(AZ31) and
6.2 ± 1.9
(AZ91)
• Demonstrated a new method of secondary phase introduction
• The optimized processing parameters were completely different for AZ31 and AZ91
alloys
• Precipitation hardening of FSPed AZ91 increased the hardness further
Mertens et al
[46]
ZM21/SiC
and B4C
1 Hole
filling and
covering
40 to 20 • Uniform distribution of SiC and B4C particles was achieved
• The performance of the composites with B4C particles was found to be superior
compared with SiC particles.
Madhusudhan
Reddy et al.
[63]
AZ31/SiC 1 Direct
supply
through the
FSP tool
16.57
to 1.24
• A new method, direct friction stir processing (DFSP) has been described to
introduce the particles through FSP tool
• Smaller grin size and increased hardness were observed in the composite produced
by DFSP compared with the composite produced by FSP.
Huang et al.
[36]
AZ31/nano-SiC 1 Groove
filling
Up to 1 • Distribution of SiO2 particles resulted grain refinement of equi-axed ultrafine grains
with sizes of less than 1 µm.
• Hardness of the composites was increased up to two times than that of the original
alloy.
Jiang et al.
[50]
AZ31/nano-
hydroxyapatite
1 Groove
filling
1500 to 3.5 • Composites were developed for degradable implant applications
• Improved bioactivity and reduced degradation were observed from the immersion
tests
• Negligible toxicity toward rat skeletal muscle (L6) cells and improved cell response
to the composite were observed
Ratna Sunil et
al. [49]
Mg/nano-
hydroxyapatite
1 Groove
filling
56 to 2 • Grain boundary pinning effect due to the presence of nano-hydroxyapatite has been
clearly seen.
• The composites exhibited improved bioactivity, degradation and cell adhesion
Ratna Sunil et
al. [40]
AZ31/TiC 1 Groove
filling and
covering
Not
reported
• TiC particles were uniformly distributed in the AZ31 Mg alloy without the formation
of clusters and interfacial phases between the magnesium matrix and the TiC
particles.
Balakrishnan
et al. [51]
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groove filling and closing, holes filling, holes filling and
closing, sandwich forming, and direct entry through the FSP
tool to introduce the secondary phase particles into the matrix.
But, each method has its own advantages and limitations. Based
on the requirement, such as the depth and width of the effected
surface that is demanded for a specific application, the appro-
priate method can be adapted. Understanding the flow of the
secondary phase particles within the matrix during FSP is
another important area need to be explored. Simulation and
modeling studies may help to avoid number of experiments in
adapting optimized processing parameters in developing the
composites and to understand the flow of the particles during
FSP which is insufficient in the literature. Overall, it can be
summarized that FSP has a great potential in industrial appli-
cations to produce magnesium based surface MMCs for light
weight structures consisting of high hard and wear resisting
surfaces.
6. Conclusions
It has been clearly demonstrated in the literature that the FSP
technique can be used as a potential method to fabricate surface
MMCs in solid state itself. Being difficult to process materials,
magnesium and its alloys can also be easily processed using
FSP to produce surface composites of different composition.
Several routes such as groove filling, holes filling, sandwich
method and direct methods were successfully developed to
introduce secondary phase particles into the matrix metal in
developing surface MMCs by FSP. However, there are some
limitations associated with each method and need to be
addressed by developing optimum methods in the future. As
processing parameters such as tool rotational and travel speeds,
play an important role in developing defect free stir zone in
friction stir welding of magnesium alloys, fabrication of surface
composites by FSP is greatly influenced by these parameters
and therefore the processing parameters need to be optimized
for every individual material system. Grain refinement,
improved hardness, wear resistance, mechanical behavior,
improved bioactivity and corrosion resistance are the common
observations in all of the magnesium based composites pro-
duced by FSP. Majority of the work has been carried out using
AZ series magnesium alloys. It is anticipated that composites of
other magnesium alloys also will be developed by FSP in future
for a wide range of applications.
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